Acrolein is a urinary metabolite of cyclophosphamide and ifosfamide, which has been reported to be the causative agent of hemorrhagic cystitis induced by these compounds. A direct cytotoxic effect of acrolein, however, has not yet been demonstrated. In the present study, the effects of intravesical injection of acrolein and mesna, the classical acrolein chemical inhibitor, were evaluated. Male Swiss mice weighing 25 to 35 g (N = 6 per group) received saline or acrolein (25, 75, 225 µg) intravesically 3, 6, 12, and 24 h before sacrifice for evaluation of bladder wet weight, macroscopic and histopathological changes by Gray's criteria, and 3 and 24 h for assessment of increase in vascular permeability. In other animals, mesna was administered intravesically (2 mg) or systemically (80 mg/kg) 1 h before acrolein. Intravesical administration of acrolein induced a dose-and timedependent increase in vascular permeability and bladder wet weight (within 3 h: 2.2-and 21-fold increases in bladder wet weight and Evans blue dye exuded, respectively, at doses of 75 µg/bladder), as confirmed by Gray's criteria. Pretreatment with mesna (2-mercaptoethanesulfonic acid), which interacts with acrolein resulting in an inactive compound, inhibited all changes induced by acrolein. Our results are the first demonstration that intravesical administration of acrolein induces hemorrhagic cystitis. This model of acrolein-induced hemorrhagic cystitis in mice may be an important tool for the evaluation of the mechanism by which acrolein induces bladder lesion, as well as for investigation of new uroprotective drugs.
Abstract
Acrolein is a urinary metabolite of cyclophosphamide and ifosfamide, which has been reported to be the causative agent of hemorrhagic cystitis induced by these compounds. A direct cytotoxic effect of acrolein, however, has not yet been demonstrated. In the present study, the effects of intravesical injection of acrolein and mesna, the classical acrolein chemical inhibitor, were evaluated. Male Swiss mice weighing 25 to 35 g (N = 6 per group) received saline or acrolein (25, 75 , 225 µg) intravesically 3, 6, 12, and 24 h before sacrifice for evaluation of bladder wet weight, macroscopic and histopathological changes by Gray's criteria, and 3 and 24 h for assessment of increase in vascular permeability. In other animals, mesna was administered intravesically (2 mg) or systemically (80 mg/kg) 1 h before acrolein. Intravesical administration of acrolein induced a dose-and timedependent increase in vascular permeability and bladder wet weight (within 3 h: 2.2-and 21-fold increases in bladder wet weight and Evans blue dye exuded, respectively, at doses of 75 µg/bladder), as confirmed by Gray's criteria. Pretreatment with mesna (2-mercaptoethanesulfonic acid), which interacts with acrolein resulting in an inactive compound, inhibited all changes induced by acrolein. Our results are the first demonstration that intravesical administration of acrolein induces hemorrhagic cystitis. This model of acrolein-induced hemorrhagic cystitis in mice may be an important tool for the evaluation of the mechanism by which acrolein induces bladder lesion, as well as for investigation of new uroprotective drugs.
Introduction
Ifosfamide (IFS) and cyclophosphamide (CYP) are oxazaphosphorine-alkylating agents with a broad spectrum of antineoplastic activity. These drugs are also used as immunosuppressors in non-neoplastic diseases, such as nephrotic syndrome, systemic lupus erythematosus and rheumatoid arthritis (1) . Since these agents are prodrugs, they require metabolism in the liver by cytochrome P450 mixed-function oxidase enzymes to mustards, which are the active alkylating compounds. Acrolein (ACR) is their urinary metabolite, which appears to be urotoxic (2) .
Hemorrhagic cystitis (HC) is a common side effect that limits the use of IFS and CYP (3) . Both alkylating agents induce HC, but the incidence of this side effect is higher with IFS treatment (4) . The cause of bladder damage appears to be related to ACR. It has been proposed that urothelial damage occurs by direct contact with ACR. This damage is followed by bladder edema, ulceration, neovascularization, hemorrhage, and necrosis (5) . Mesna (2-mercaptoethanesulfonic acid), a thiol compound, was studied in clinical trials as a systemic uroprotective agent in the late 1970's and became the drug of choice for this purpose within a short period of time (6) . Systemic administration of mesna results in regional detoxification of the urinary system (7, 8) . The interaction between ACR and mesna results in an inactive compound, an inert thioether, which passes innocuously through urine and does not induce any damage to the uroepithelium (9) .
We have demonstrated that cytokines such as tumor necrosis factor (TNF)-α and interleukin (IL)-1ß and nitric oxide (NO) are crucial mediators involved in the inflammatory events, including urothelial damage and hemorrhage associated with IFS-and CYPinduced HC (10) (11) (12) .
It is widely accepted that ACR is the metabolite that causes HC induced by oxazaphosphorine (5) . However, most of the studies that support this conclusion were performed by injecting CYP and IFS systemically. No systematic studies have been reported on the potential urotoxic effect of ACR administered directly into the bladder. In the present study, we investigated whether intravesical injection of ACR induces HC in mice and whether mesna, a thiol compound, prevents this process. ACR was observed to induce a dose-and time-dependent HC which is inhibited by the co-administration of mesna, a compound clinically used to prevent HC in patients undergoing CYP and IFS treatments. These results confirm that ACR causes HC and suggest that ACR-in-duced HC, in mice, could be a simple and useful model for the evaluation of new uroprotective drugs.
Material and Methods

Animals
Male Swiss mice weighing 25 to 35 g were kept in appropriate cages in temperature-controlled rooms, receiving food ad libitum, but without access to drinking water during the final 18 h before the experiments. All experimental protocols were approved by the local Animal Care and Use Committee.
Drugs
Acrolein was obtained from Sigma-Aldrich (St. Louis, MO, USA) and mesna (Mitexan ® ) and ifosfamide were from Asta Medica (São Paulo, SP, Brazil). All other reagents were from Sigma (St. Louis, MO, USA).
Induction of cystitis
A small midline abdominal incision was made in chloral hydrate-anesthetized mice (400 mg/kg) and 0.2 mL ACR (25, 75, and 225 µg) or saline (control) were injected into the bladder lumen through a 33-gauge needle passed through the bladder wall. After the injection, the abdominal wall was sutured with 3-0 cotton thread (Figure 1 ). At different times thereafter, the animals were sacrificed by cervical dislocation, and their bladders were removed by careful dissection, emptied of urine, and evaluated for the parameters described below.
Measurement of vesical edema
Vesical edema was quantified either as an increase in bladder wet weight (BWW) (in mg), reported as mean ± SEM/20 g of body weight or by determination of vesical vascular permeability, quantified by Evans blue dye extravasation. Evans blue (25 mg/ kg) was administered intravenously via the retro-orbital plexus 30 min before animal sacrifice. The bladders were dissected and placed in glass tubes containing 1 mL formamide. The tubes were then incubated at 56ºC overnight. The absorbance of the extracted dye was measured at 600 nm and the results are reported as the mean ± SEM amount (in µg) of Evans blue per bladder, based on a standard curve of Evans blue.
Macroscopic and microscopic evaluation
Bladders were excised, freed from surrounding connective tissue, and examined grossly for edema and hemorrhage. A pathologist performed the histological examination in a single-blind fashion. Edema, bleeding and histological changes were evaluated according to the criteria of Gray et al. (13) as follows. Edema was considered to be severe (3+) when fluid was seen externally and internally on the wall of the bladder, moderate (2+) when confined to the internal mucosa, mild (1+) when normal to moderate, and absent (0). Hemorrhage was scored as follows: (3+), intravesical clots; (2+), mucosal hematomas; (1+), telangiectasia or dilatation of the bladder vessels; (0), normal. Histopathology was scored as follows: (0), normal epithelium and absence of inflammatory cell infiltration and ulceration; (1), mild changes involving reduction of epithelial cells, flattening with submucosal edema, mild hemorrhage and few ulcerations; (2), severe changes including mucosal erosions, inflammatory cell infiltration, fibrin deposition, hemorrhage, and multiple ulcerations. The semi-quantitative macroscopic and microscopic observations are reported as medians and range.
Effect of mesna on acrolein-induced hemorrhagic cystitis
The animals received the classic uropro-tector, mesna (80 mg/kg, intraperitoneal, ip) 1 h before the injection of ACR (75 µg, intravesical, ive). Their bladders were evaluated 3 and 24 h after the induction of cystitis, as described above. In another set of experiments, mesna (2 mg; 9-fold ACR molar concentration) was administered simultaneously with ive ACR (75 µg) and cystitis was evaluated using the same parameters and at the same times.
Statistical analysis
Data were submitted to analysis of variance (ANOVA) followed by the Bonferroni test for the analysis of BWW and vesical vascular permeability. The Kruskal-Wallis and Dunn tests were used for macroscopic and microscopic analysis to compare medians. The level of significance was set at P < 0.05.
Results
As illustrated in Figure 2 , intravesical and Evans blue dye exuded, respectively) and 225 g/bladder (3.4-and 37-fold increases in BWW and Evans blue dye exuded, respectively). The administration of ACR (75 µg/bladder) induced a time-dependent increase of BWW which was significant as early as 3 h (139.44%) after induction of cystitis, reaching a peak at 12 h after ACR administration (353.33%) and decreasing thereafter, but which continued to be significant up to 24 h (239.77%; Figure 3 ). According to Gray's score, ACR (75 µg/bladder) induced a time-dependent increase in macroscopic and microscopic scores which were significant at 3 h, with a peak occurring at 24 h (Table 1) .
ACR-evoked increases in BWW and Evans blue extravasation, observed at 3 h after ACR injection, were significantly inhibited by systemic or local (ive) pretreatment with mesna (80 mg/kg, ip, and 2 mg/ bladder, ive, respectively; Figure 4) . The same was observed 24 h after ACR injection (data not shown).
Cystitis observed 3 h after ACR administration was characterized macroscopically by the presence of severe edema, receiving a score of 2 (2-3), and by extensive hemorrhage with mucosal hematomas, receiving a score of 2 (1-3), and was significantly (P < 0.05) different from the control group which received a score of 0 (0-0) for edema and hemorrhage. The bladders evaluated after 24 h presented severe edema, receiving a score of 3 (2-3), and mucosal hematomas and intravesical clots, receiving a score of 2 (2-3). Macroscopic analysis of the bladder at 3 and 24 h after ACR injection revealed that the mesna pretreatments (ip and ive) significantly reduced (P < 0.05) the parameters analyzed ( Table 2 ). According to Gray's histopathological criteria, when compared with normal bladders, microscopic analysis of the bladders of mice injected 3 h before with 75 µg/bladder of ACR revealed extensive cystitis characterized by acute inflammation with vascular congestion, edema, injection of ACR (25 to 225 g/bladder) induced a dose-dependent increase in both BWW and plasma leakage within 3 h, with significant differences at doses of 75 µg/ bladder (2.2-and 21-fold increases in BWW Table 1 . Time course of macroscopic and microscopic changes after intravesical injection of acrolein (75 µg/bladder).
Time
Macroscopic analysis Microscopic analysis hemorrhage with fibrin deposition, neutrophil infiltration, and epithelial denudation, receiving a score of 2 (1-2). Twenty-four hours after ACR administration the microscopic analysis was similar, but extensive hemorrhage was observed, receiving a score of 2 (2-2). These alterations were almost abolished (P < 0.05) by treatment of the ACR-injected mice with mesna (2 mg/bladder, ive or 80 mg/kg, ip). The scores of Gray's parameters (median and range) are shown in Table 2 .
Discussion
It is accepted that HC, a side effect observed in patients under CYP and IFS treatment, is caused by the urinary metabolite, ACR (5) . Most of the studies that support this conclusion were performed by administering CYP and IFS systemically (14) . However, in the current study we determined whether ive administration of ACR causes HC. ACR injected into the mouse bladder induced a dose-and time-dependent HC as determined by the increase in BWW and Evans blue extravasation, parameters that have been used to quantify cystitis in rats (12) and mice (15) . Both parameters were already significant 3 h after ACR administration, peaking at 12 h and decreasing thereafter, with no further increase after 24 h, suggesting that a plateau had been reached. The ACR-induced HC was confirmed by macroscopic and histopathological changes of the bladder analyzed by the Gray's criteria, which were used to quantify HC (13) . The profile of HC observed after ACR administration was similar to that observed when CYP or IFS was administered to mice (15) or rats (12) . This fact, taken together with the demonstration that ACR is found in the urine of humans (16) and of experimental animals treated with CYP or IFS (17), as described in the literature (5, 14, 18, 19) , indicate that ACR is the urine metabolite responsible for the HC observed after oxazaphos- phorine treatment.
The macroscopic and microscopic analysis of the bladder from ACR-injected mice, revealed intense vascular congestion and edema in the early phase (3 h), findings which were followed by neutrophil infiltration, hemorrhage, ulceration and severe necrosis, sometimes with perforation (24 h after ACR administration). Most of these findings are also observed after CYP or IFS administration to humans (3), or to experimental animals (20) . 
2 (2-2) ACR + mesna ive 0 (0-1)* 0 (0-1)* 0 (0-1)* 0 (0-1)* 0 (0-1)* 0 (0-1)* ACR + mesna ip 1 (0-1)* 0 (0-1)* 0 (0-1)* 1 (0-1)* 0 (0-2)* 0 (0-1)* Acrolein (ACR, 75 µg/bladder)-induced macroscopic and microscopic alterations were evaluated after 3 and 24 h. Mice treated with mesna intravesically (ive, 2 mg/bladder) or intraperitoneally (ip, 80 mg/kg) were evaluated at 3 or 24 h after ACR (75 µg/bladder) or saline (control). Data are reported as median and range within parentheses (N = 6). *P < 0.05 compared to ACR group (Kruskal-Wallis and Dunn tests).
The mechanism by which ACR causes HC has not been fully elucidated. However, there is evidence that, after administration of CYP or IFS, ACR appears within the bladder, causing a reduction of endogenous glutathione (21, 22) and inducing the generation of free radicals, such as superoxide anion and hydroxyl radical, which initiate lipid peroxidation and other cell damage (23, 24) . Recently, we demonstrated that the cytokines TNF-α and IL-1ß, acting by activation of the L-arginine/iNOS/NO pathway, might also play a crucial role in the geneses of pathophysiological events of HC observed in animals treated with CYP or IFS (10) . In this context, previous reports have shown that exposure of the respiratory tract to ACR results in an increase in the production of inflammatory mediators such as eicosanoids and also causes a significant influx of neutrophils into the bronchoalveolar lavage (25) . Moreover, evidence also exists that ACR increases the release of IL-8 by neutrophils (26) .
In the present study, to validate the model of ACR-induced HC, the animals were treated with mesna, a classical uroprotector agent with established clinical (8) and ex-perimental efficacy (20, 27) . The increase in BWW and Evans blue extravasation was blocked by pretreatment of the mice with mesna, regardless of local or systemic administration. Furthermore, mesna also blocked the bladder's macroscopic and microscopic changes induced by ive administration of ACR. There is evidence that ACR reacts with mesna producing an inert thioether that is eliminated in the urine (19) . Thus, in this model, as is also the case for humans or animals treated with oxazaphosphorine (20) , mesna presented its uroprotective effect when administered systemically or locally.
Our results are the first demonstration that intravesical administration of ACR induces HC. This model of ACR-induced HC in mice may be an important tool for the evaluation of the mechanism by which ACR induces bladder lesion, as well as, for investigation of new uroprotective drugs.
